Phylogenetic studies were performed on a group of novel Gram-stain-positive, anaerobic, nonsporulating rod-shaped bacteria isolated from a thermophilic biogas plant. The novel organisms were able to degrade crystalline cellulose. 16S rRNA gene sequence comparison indicated that the isolates SD1D T , SD1G, SD1I and RK1P share 100 % sequence identity, and are most closely related to Herbinix hemicellulosilytica T3/55
Members of the phylum Firmicutes frequently comprise the most abundant group of the microbial community in biogas reactors as indicated by cultivation-independent community analyses Schlüter et al., 2008; Koeck et al., 2015; Stolze et al., 2015) . The existence of thousands of novel taxa can be deduced from studies of 16S rRNA gene sequence diversity in metagenomic datasets. However, the knowledge about the roles of new species in their environments is still limited (DeLong, 2009 ). Various groups with confusing taxonomic structure would require extensive time-consuming isolation of new strains and their characterization, to link their phylogeny to possible ecological roles and physiological characteristics (Biddle et al., 2013) . The recent taxonomic update of the phylum Firmicutes in Bergey's Manual of Systematic Bacteriology divided the order Clostridiales into 10 named families (Collins et al., 1994; Ludwig et al., 2009) . The family Lachnospiraceae of the Clostridiales was first proposed by Rainey (2009) and was described on the basis of phylogenetic analysis of 16S rRNA gene sequences (Ludwig et al., 2009; Euz eby, 2010) . According to the List of Prokaryotic Names with Standing in Nomenclature (LPSN; www.bacterio.net) 25 genera are currently listed within the family Lachnospiraceae (Parte, 2014) . The family includes many uncultured bacteria, which are often found in mammalian gastrointestinal tracts (Meehan & Beiko, 2014) , particularly in ruminants (Kittelmann et al., 2013) and humans (Gosalbes et al., 2011) . Members of the family Lachnospiraceae are morphologically diverse and include rods, vibrios and cocci. All species are strictly anaerobic and primarily non-spore-forming.
In this study, we isolated novel cellulose-degrading bacteria from a thermophilic biogas plant. Phylogenetic analysis based on 16S rRNA gene sequences revealed that strain SD1D
T and other closely related isolates (RK1P, SD1I and SD1G) are members of a novel species of the recently published genus Herbinix within the family Lachnospiraceae (Koeck et al., 2015) . In this communication, the taxonomic characterization of these isolates is described and a novel species is proposed.
Strain SD1D
T has been deposited in the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and the Spanish Type Culture Collection (CECT, Valencia, Spain). GS2 medium (Johnson et al., 1981) was used in all experimental cultures with the following composition per litre: 6 g yeast extract, 2.9 g K 2 HPO 4 , 2.1 g urea, 1.5 g KH 2 PO 4 , 2.9 g Tris-Na citrate Á H 2 O, 1.0 g cysteine HCl Á H 2 O, 10 g MOPS, 0.1 g MgCl 2 Á 6H 2 O, 0.015 g CaCl 2 Á 2H 2 O, 0.125 mg FeSO 4 Á 7H 2 O and 0.01 % Resazurin, pH adjusted to 7.5. Media were prepared in butyl rubber-stoppered serum bottles under anaerobic conditions (N 2 atmosphere with 10 % hydrogen) and autoclaved.
Strains SD1D
T , RK1P, SD1I and SD1G were isolated from a thermophilic biogas reactor in Viersen, Germany (GPS coordinates: 51 13¢ 36.5 † N 6 19¢ 35.8 † E) . Sludge (1 ml) was serially diluted to 10 À8 in GS2 medium with 0.5 % (w/v) filter paper (Whatman No. 1) as the main carbon source and 0.5 % (v/v) rumen extract. Cultivation on solid medium and isolation of single colonies was performed with the same method as previously described for Herbinix hemicellulosilytica T3/55 T (Koeck et al., 2015) .
Cells of strain SD1D T were microscopically inspected with an Axioskop optical microscope (Zeiss). Gram staining was performed according to a published procedure (Johnson et al., 1995) . The motility of cells of strain SD1D
T was observed by light microscopy. Endospore formation was assessed using light microscopy and recultivability after pasteurization (15 min, 80 C). Colony morphology was observed by growing cells on GS2 agar plates for 4 days at 55 C. The presence of catalase was investigated by dropping 10 % (v/v) H 2 O 2 on top of bacterial cells on a microscope slide and formation of gas bubbles was examined immediately and after 5 min. Biochemical tests were performed using the EnteroPluri-Test (Liofilchem) in accordance with the manufacturer's instructions. The temperature (37, 40, 45, 50, 55, 60, 65 and 70 C) and pH range (pH 5.0-9.0 at intervals of 0.5 pH units) for growth were determined in GS2 medium by measuring the cell protein yield of growing cultures as described previously (Koeck et al., 2015) . Total protein was measured using the Bradford Protein Assay Kit (Thermo Scientific) with bovine serum albumin as the standard. All data points represent the analysis of at least three replicates. Tolerance of NaCl was tested in GS2 medium supplemented with 0.2-5 % NaCl (w/v) at intervals of 0.2 %. Growth was measured using the increase in optical density at 600 nm. Cellular fatty acid analysis was performed by the Identification Service of the DSMZ, Braunschweig, Germany, using cells harvested after 2 days of growth at 55 C in GS2 medium supplemented with 0.5 % cellobiose. The methyl esters were extracted, analysed and identified in accordance with the standard protocol of the Sherlock Microbial Identification System (version 6.1; MIDI) and the TSBA4.0 database.
Substrate utilization was tested in GS2 medium supplemented with various carbohydrates (listed in Table 1 ) at 0.5 % (w/v) (obtained from Sigma-Aldrich). Positive growth was assessed visually by comparing the turbidity of the medium with a non-inoculated control of the same substrate. To confirm positive results, the isolates were transferred into medium with the same substrate. The cell protein yield of every growth reaction was measured as described previously (Koeck et al., 2015) . For each substrate, two technical replicates and a control without inoculation were included. Cell cultures with 0.6 % yeast extract were used as negative control. To assess the production of volatile acids and alcohols, strain SD1D
T was cultured for 10 days in GS2 Medium with 0.5 % cellobiose (w/v). The volatile acid and alcohol content was measured with a gas chromatography system (GC-2010; Shimadzu) equipped with a flame ionization detector. The samples were separated using a temperature gradient from 70 to 260 C with a Phase-Stabilwax-DA capillary column (Shimadzu) in accordance with the manufacturer's protocol. Hydrogen gas in the headspace of the vials was measured with a Shimadzu GC-2014 gas chromatograph equipped with a HS-20 headspace sampler and the chromatography columns HayeSep D 80/100 (4 mÂ1/8Â2.1 mm SS; Supelco). Carrier gas was nitrogen at a flow rate of 25 ml min
À1
. Hydrogen was detected with a thermal conductivity detector (TCD). Temperatures for the injection port, the columns and the detector were 150, 50 and 250 C, respectively. Concentrations in the samples were calculated with a four-point calibration using a commercial 1 % gas standard (Sigma-Aldrich).
To measure extracellular enzyme activities, strain SD1D T was grown anaerobically in GS2 medium with 0.5 % (w/v) filter paper (Whatman No. 1) and proteins of the supernatant were concentrated with a 60 % saturated (NH 4 ) 2 SO 4 solution as described by Koeck et al. (2015) . Aliquots (10 µl) of the protein solutions (containing 0.3-0.5 µg ml À1 protein) were added to 0.5 % (w/v) substrate solution (500 µl) (all tested substrates are listed in Table 2 ) and DNSA assays according to Miller (1959) were set up as described in Koeck et al. (2014b) . Assays with the respective substrate without addition of protein solution were used as negative controls. Each assay was set up in triplicates, incubation occurred at 55 C for 24 h.
Genomic DNA was extracted from the culture broth using a bacterial genomic DNA kit (Molzym). PCR amplification and sequencing of the 16S rRNA genes were carried out as described previously (Koeck et al., 2014b) . The resulting nucleotide sequences were compared with sequences in the GenBank/EMBL nucleotide sequence databases using the BLASTN program (http://blast.ncbi.nlm.nih.gov) and in the Ribosomal Database Project (RDP) database (http://rdp. cme.msu.edu/). Sequence similarity calculations were carried out using the EzTaxon program (Kim et al., 2012) . The sequences were aligned by the ClustalW program (Sievers et al., 2011) . Alignment of sequences and phylogenetic tree reconstruction was performed with the software package MEGA version 6.0 (Tamura et al., 2013) . Maximum-likelihood-based treeing tools (Stamatakis, 2006) were used for tree generation, and bootstrapping (Felsenstein, 1985) was used to estimate the reliability of the phylogenetic reconstructions. 16S rRNA gene sequences representing type species of recognized species were selected for tree reconstruction according to the Living Tree Project (LTP) (Munoz et al., 2011) and List of Prokaryotic Names with Standing in Nomenclature (LPSN; Parte, 2014) .
The G+C content of the microbial genome of strain SD1D T was determined by DNA extraction and subsequent whole-genome sequencing, which was established on the Illumina MiSeq system as described previously (Koeck et al., 2014a) . Analysis and interpretation of the genome sequence was performed with the GenDB platform (Meyer et al., 2003) .
Cells of strain SD1D
T were Gram-stain-positive, nonspore-forming rods. Motility could not be observed by light microscopy of different growth phases. Colonies on solid GS2 medium were circular, about 2-5 mm in diameter, and cream with a translucent area towards the entire margin. None of the isolates could grow under aerobic conditions with O 2 concentrations above 4 %.
The detailed results of substrate utilization, growth condition analysis, and other phenotypic characteristics are summarized in Table 1 and in the species description. Examination of strain SD1D
T for the following properties yielded a negative result: sulfate reduction, indole production, catalase expression, lactose fermentation, decarboxylation of ornithine and lysine, dulcitol fermentation, deamination of phenylalanine and degradation of citrate D. E. Koeck, S. Hahnke and V. V. Zverlov and urea. The major cellular fatty acids (>1 %) were C 19 : 0 cyc 9, 10 dimethyl acetal (DMA), C 16 : 0 fatty acid methyl ester (FAME) and C 14 : 0 FAME (Table 3) .
16S rRNA gene sequence analyses placed the novel strains within the family Lachnospiraceae (phylum Firmicutes). Strain SD1D T shared 96.4 % sequence similarity with H. hemicellulosilytica T3/55
T as the most closely related type strain of asspecies with a validly published name. In phylogenetic trees the group of novel isolates showed cluster formation with their closest relative H. hemicellulosilytica T3/55 T . The resulting branches were supported by high bootstrap values (Fig. 1) . The 91.3-95.7 % range of overall 16S rRNA gene sequence similarity between strain SD1D
T and the other taxa of the family Lachnospiraceae also supports the situation. Their affiliations are clearly below the species level (Table 1) (Tindall et al., 2010) . Thus, the phylogenetic analysis and the moderate identity scores justify the description of a novel species Herbinix luporum sp. nov., with isolate SD1D
T as representative type strain and strains RK1P, SD1I and SD1G as other representatives of the novel species, sharing 100 % 16S rRNA sequence identity to strain SD1D T .
There are also several phenotypic characteristics separating strain SD1D
T from phylogenetically related species. In particular, strain SD1D
T tolerates NaCl concentrations up to 4 % with optimum growth at 1-3 %, whereas H. hemicellulosilytica T3/55 T grows at lower NaCl concentrations (0-0.9 %) with an optimum at 0 %. H. hemicellulosilytica T3/ 55 T also has a slightly higher DNA G+C content (36.6 mol %) than strain SD1D T (35.1 mol%). Strain SD1D T also differs from its closest relative in its substrate utilization pattern; in contrast to H. hemicellulosilytica T3/55 T , the novel isolate utilizes galactose but does not grow on xylan or xylose. Fatty acid content profiling also clearly differentiates the novel isolate from its closest relative (Table 3) . For example, the major cellular fatty acid of H. hemicellulosilytica T3/55 T is C 16 : 0 FAME in contrast to C 19.: 0 cyc 9,10 DMA in strain SD1D
T (Koeck et al., 2015) .
Additionally, strain SD1D T and H. hemicellulosilytica T3/ 55 T showed differences in extracellular enzyme activities. Strain SD1D
T has the highest activity on xylan (Table 2 ), but in contrast to H. hemicellulosilytica T3/55
T it does not grow on xylan or xylose. The genome sequence was screened for the presence of carbohydrate active enzymes (Koeck et al., unpublished) . This approach revealed five cellulosomal genes, comprising glycoside hydrolase family domains with dockerin type 1 modules and an appropriate macromolecular scaffoldin gene with five type 1 cohesins. Therefore, based on phenotypic, chemotaxonomic and genomic information, strain SD1D
T should be placed in the genus Herbinix representing a novel species for which the name Herbinix luporum sp. nov. is proposed.
Description of Herbinix luporum sp. nov.
Herbinix luporum (lu.po¢rum. L. gen. pl. n. luporum wolf, the name honours the three German microbiologists Wolfgang Ludwig, Wolfgang Liebl and Wolfgang Schwarz for their many contributions to the taxonomy and characterization of Gram-positive bacteria).
Gram-stain-positive, strictly anaerobic and thermophilic bacterium. Cells are non-motile, straight to irregularly shaped rods, 2.0-6.0 µm long and 0.5 µm wide, that do not form DMA, Dimethyl acetal; FAME, fatty acid methyl ester; ALDE, aldehyde. *Summed features are groups of two or more fatty acids that could not be separated using the MIDI system. Summed feature 1 contained C 13 : 1 cis12 FAME and C 14 : 0 ALDE; summed feature 10 contained C 18 : 1 c11/t9/t6 FAME and an unknown fatty acid.
endospores. Colonies on solid GS2 medium are circular, about 2-5 mm in diameter, and cream with a translucent area towards the entire margin. Cells grow at 40-65 C, at pH 6.5-8.5 and with 0-4 % (w/v) NaCl; optimum growth occurs at 55 C and pH 7.0. Catalase is absent, and indole is not produced. Glucose, mannose, arabinose, soluble starch, galactose, cellobiose and cellulose can be utilized as major carbon source. Major fermentation products from these substrates are ethanol, acetic acid, butyric acid and hydrogen. The following compounds are not utilized: inulin, fructose, sorbitol, sucrose, xylan, xylose, pectin and lactose. Negative results in tests for sulfate reduction, indole production, catalase expression, lactose fermentation, decarboxylation of ornithine and lysine, dulcitol fermentation, deamination of phenylalanine and degradation of citrate and urea. The major cellular fatty acids are C 19 : 0 cyc 9,10 DMA, C 16 : 0 and C 14 : 0 .
The type strain is SD1D T (=DSM 100831 T =CECT 8959 T ), isolated from a thermophilic biogas plant in Viersen, Germany. The G+C content of the genomic DNA of the type strain is 35.1 mol%. Herbinix hemicellulosilytica T3/55 T (LN626355) Fig. 1 . Phylogenetic tree based on 16S rRNA gene sequences of strain SD1D T and reference sequences of some members of the family Lachnospiraceae. The tree was reconstructed using the maximum-likelihood method. Numbers at nodes represent bootstrap values expressed as percentages of 1000 resampled datasets. Bar, 1 % estimated base changes.
